Bi 2 O 2 Se is an emerging semiconducting, air-stable layered material
Introduction
The richness of exotic physical properties of layered materials, such as graphene, [1] [2] [3] transitionmetal dichalcogenides, 4,5 black phosphorous, 6 has given rise to diverse intriguing applications, including electronic logic, memory devices [7] [8] [9] and optoelectronic devices. [10] [11] [12] The extraordinariness of layered materials has also captivated the broad spintronics 2 and piezoelectronics 13 communities. Apart from the unprecedented device functionalities, another natural reason to adopt layered materials is the room for device scaling to low dimension. Hitherto, however, no single layered material stands out as being desirable in all technological aspects. For example, graphene is gapless and therefore unsuitable for conventional transistors, black phosphorous is not air-stable. Thus, immense interest has been sparked in exploring a wider range of layered materials.
Recently, semiconducting Bi 2 O 2 Se layered material has been synthesized, exhibiting thicknessdependent band gap and air-stability. 14, 15 What's more, it is anticipated to have lower in-plane electron effective mass than those of MoS 2 and black phosphorous, which has been evidenced by the ultrahigh electron Hall mobility and quantum oscillation at low temperature. 14 Fieldeffect-transistors (FETs) based on Bi 2 O 2 Se show encouraging performance and substantial room for further optimization, 14 making Bi 2 O 2 Se a promising candidate for future high-speed and low-power electronic applications. The combination of its exceptional optical and electrical properties has also been exploited in integrated photodetectors of high photoresponsitivity at selective wavelength, holding the promise for next-generation optoelectronic systems. 16 Preceding the showcase in modern electronics, Bi 2 O 2 Se was a traditional thermoelectric material. 17 The keen interest in the functional versatility of Figure 1a . The calculated band structure and atomic projected density of states (PDOSs) are shown in Figure 1b . Indirect band gap of 0.76 eV with conduction band minimum (CBM) near Γ point is in good agreement with the value of 0.80 eV measured by angle-resolved photoemission spectroscopy. 14 
where E( , q)  is the total energy of the supercell containing a type α defect and charge q, 22 E (B i O S e) is the total energy of the defect free supercell, n's and q are the numbers of the atoms and electrons, respectively, that transferred from the defect free supercell to the reservoirs in forming the defect cell. C Freysoldt is the charge state and cell size correction to the defectformation energy. 21 According to Freysoldt et al, the correction consists of three contributions: a lattice term, a self-interaction term and a potential alignment term. 21 The lattice term accounts for the electrostatic interaction of the defect charge in the supercell with its array of periodic images in the remaining crystal. We use Gaussian defect charge distribution. The lattice energy includes the self-interaction term of the defect charge with its own potential, which must be removed from the correction term. The potential alignment term allows for a meaningful comparison of the formation energies of different charged defects as the charged defect in the supercell will introduce a constant shift of the electrostatic potential and the valence band maximum compared to the ideal host system. As the dielectric anisotropy in layered material systems could be strong, we generalize the Freysoldt scheme to account for the anisotropy. This is achieved by using the dielectric tensor for the calculation of Coulomb interaction potential in the reciprocal space. The dielectric tensor is computed from density-functional perturbation theory. A correction for filling the CBM and emptying the VBM has also been considered. 22 Freysoldt correction leads to well-converged defect formation energies (figure S1 We then consider Bi in at the center of the Se square, which is found to be energetically favorable compared with other interstitial sites. Hereto, we have studied the electrical properties of ten types of native point defects. As previously pointed out, the electrical conductivity of material can be significantly affected by its native point defects. In Bi 2 O 2 Se FETs, whose channels remain conducting at V g =0, the total resistance decreases with increasing gate bias, 14 which is a clear signature of n-type characteristics. Figure 3 implies the possibility of (Se-poor, Bi-rich) fabrication condition for the Bi 2 O 2 Se FETs since Se v and O v , which are shallow donors, are the most likely defects under this condition.
The conductivity of Bi 2 O 2 Se can alternatively be understood within the context of charge neutrality level (CNL) model. 24 The CNL model is useful because it is simple and gives good chemical trends, while requiring no specified details of surface chemical bonding which are outside of the scope of this work. The CNL is the demarcation between the surface states that are predominantly donor-like (valence band states) and acceptor-like (conduction band states), namely, at CNL they have equal densities. Mathematically, the CNL is the branch point of the imaginary bulk band structure of the semiconductor. It is calculated as the zero of the Greens function of the band structure averaged over the Brillouin zone:
where δ is a small number to be used if the CNL lies inside a band. It can also be expressed as a sum over special points of the Brillouin zone (such as the Monkhorst-Pack grid):
The CNL is then a weighted average of the valence and conduction band DOS:
In this definition, the CNL is an intrinsic property of the bulk semiconductor; it does not depend on the interface, or interface bonding, or whatever it is attached to.
According to equation (7) 
